The prevalence of iron deficiency among infants and young children living in developing countries is high. Because of its chemical properties-namely, its oxidative potential-iron functions in several biological systems that are crucial to human health. Iron, which is not easily eliminated from the body, can also cause harm through oxidative stress, interference with the absorption or metabolism of other nutrients, and suppression of critical enzymatic activities. We reviewed 26 randomized controlled trials of preventive, oral iron supplementation in young children (aged 0 -59 mo) living in developing countries to ascertain the associated health benefits and risks. The outcomes investigated were anemia, development, growth, morbidity, and mortality. Initial hemoglobin concentrations and iron status were considered as effect modifiers, although few studies included such subgroup analyses. Among iron-deficient or anemic children, hemoglobin concentrations were improved with iron supplementation. Reductions in cognitive and motor development deficits were observed in iron-deficient or anemic children, particularly with longer-duration, lower-dose regimens. With iron supplementation, weight gains were adversely affected in iron-replete children; the effects on height were inconclusive. Most studies found no effect on morbidity, although few had sample sizes or study designs that were adequate for drawing conclusions. In a malaria-endemic population of Zanzibar, significant increases in serious adverse events were associated with iron supplementation, whereas, in Nepal, no effects on mortality in young children were found. More research is needed in populations affected by HIV and tuberculosis. Iron supplementation in preventive programs may need to be targeted through identification of iron-deficient children.
INTRODUCTION
Iron deficiency has been considered an important risk factor for ill health (1) and is estimated to affect 2 billion people worldwide (2) . Concerns have been raised about the effects of iron deficiency in children on their health and development, which have led to recommendations for supplementation of all children of certain ages in populations with a high prevalence of anemia (2) . This recommendation for a preventive iron intervention will reach both children in need of additional iron and children without that need. This nondiscrimination may be acceptable if no harm is done by the iron supplementation, especially in those children who receive no benefit. Although some studies suggest risks with iron supplementation, it is important to determine whether these risks are generally supported by available evidence and whether they can be mitigated with altered recommendations regarding iron supplementation. The focus of this review was to examine the evidence for the health benefits and risks of preventive iron supplementation in children aged 5 y in developing countries.
Iron is essential for all tissues in a young child's developing body. Iron is present in the brain from very early in life, when it participates in the neural myelination processes. Other roles that would affect growth and immune function have been postulated (3) . Iron, which is essential to both the host and invading pathogens, must be carefully regulated to promote optimal conditions that preserve the health of young children. Furthermore, iron can interfere with the absorption of other nutrients and, in excess, can generate free radicals that impair cellular functions and suppress enzymatic activity (4, 5) .
Iron supplementation for children 5 y old is recommended on the basis of anemia prevalence ( Table 1) . Low-birth-weight infants are at high risk of iron deficiency, and the current recommendation is that they receive supplementation from 2 mo through 2 y of age. Anemia prevalence, determined by hemoglobin status, is used as a practical indicator because of the relative difficulty in collecting additional markers of iron deficiency. The consumption of iron-poor complementary diets (lacking iron-fortified foods or heme iron) is also used to justify supplementation in infants and preschool-aged children. Complementary foods, even with continued breastfeeding, must contribute nearly 100% of dietary iron for young children because breast milk contains little iron (6) . Other prevention and control approaches for iron deficiency-such as food fortification, dietary improvements, and treatment of hookworm and other helminth infections-were not considered in this review.
The objective of this review was to evaluate the health benefits and risks of iron supplementation as a strategy to prevent iron deficiency in children 0 -4 y old. Evidence (primarily) from randomized placebo-controlled trials (RCTs) provided the basis for this assessment because these designs allow causal inference that is not possible with cross-sectional or quasi-experimental designs.
We conducted a literature review in PubMed (National Library of Medicine, Bethesda, MD) to identify studies meeting several criteria. The review was limited to RCTs published after 1980 and targeting young children 0 -59 mo of age who were living in developing countries. Oral iron supplementation, as prevention and not therapy, was the intervention examined in comparison with placebo and, in a few studies, in comparison with other micronutrients. Trials of iron fortification or parenteral iron were excluded. In certain circumstances when data were scarce, as in the case of iron supplementation and HIV infection or tuberculosis, some observational studies were reviewed to suggest possible relations that should be further investigated with RCTs.
Twenty-six RCTs were identified for this review. If recent meta-analyses of RCTs have been performed, results are given, even though selection criteria such as the age of the children may have differed slightly. The outcomes examined in these iron supplementation trials were grouped into the following categories: anemia and iron status, development (including cognition, motor skills, and language), growth, morbidity, and mortality. To highlight particular findings, these outcome categories were then placed within the sections of the review as either benefits or risks. However, findings were not consistent across many of these outcomes, and this variability deserves careful consideration when policy is made for programs in countries throughout the world.
BENEFITS OF IRON SUPPLEMENTATION IN EARLY CHILDHOOD
Possible beneficial effects of iron supplementation in young children are primarily in the realms of anemia prevention and improvements in developmental outcomes.
Anemia
Anemia may be due to iron deficiency (inadequate iron intake, poor iron absorption, or excess iron losses), insufficient hematopoiesis (eg, from vitamin B-12 deficiency), loss of blood (hemorrhagic anemia), premature red blood cell plasma membrane rupture (hemolytic anemia), deficient or abnormal synthesis of hemoglobin (eg, thalassemia), or destruction of bone marrow (aplastic anemia) (7) . In developing countries, the prevalence of anemia among preschool-aged children is 42%, and the regions most affected regions are Southeast Asia, Central and East Africa, and the Eastern Mediterranean (8) . Hemoglobin concentrations are most often used for anemia screening. In children 6 -59 mo old, anemia is defined as hemoglobin 110 g/L or hematocrit 6.83 mmol/L or 0.33 L/L (9) .
Evidence of the effect of iron supplementation on anemia outcomes is widely available. Studies usually incorporate iron status indicators, such as serum ferritin or transferrin saturation. One meta-analysis of 21 data sets from iron supplementation RCTs in children ranging in age from 0 to 12 y found a significant difference in the mean change in hemoglobin concentrations between treatment and control groups of 7.8 g/L, or an effect size of 1.49 (95% CI: 0.46, 2.51) (10) .
Of the studies we examined for development, growth, and infectious disease outcomes ( Tables 2, 3 , and 4), 13 reported significantly increased hemoglobin concentrations and reduced anemia prevalence associated with iron supplementation of young children (11-15, 19, 23, 30, 31) . Eleven studies showed improvements in other iron status indicators: serum iron, serum ferritin, transferrin saturation, and free erythrocyte protoporphyrin (11, 13, 15, 16, 19, 20, 23, 24, 30 -32) . Of the 5 studies reporting no significant effect on hemoglobin concentrations in the entire sample or particular strata (11, 16, 17, 24, 32) , 4 showed improvements in iron status markers (11, 16, 24, 32) . This inconsistent effect on hemoglobin concentrations may be indicative of the varied causes of anemia in these study populations. Sustained significant (P ҃ 0.022) improvements in hemoglobin concentrations 7 mo after a 3-mo treatment period were found in one study (21) , whereas another study found that only serum ferritin concentrations remained significantly higher in the treatment group 6 mo after cessation of supplementation (31) . Hemoglobin improvements appeared to be related to baseline status (11, 17) and to exposure to anemia risk factors in addition to iron deficiency (ie, residence in malarial endemic regions) (16, 32) .
Development
Iron supplementation has been hypothesized to have benefits in children that prevent possible detrimental effects of iron deficiency during development. The pace of neurologic development in young children aged 0 -4 y is rapid, including critical periods of neural circuit formation and myelination occurring in the brain. Iron's role in the brain is likely to be multifaceted and has not been fully elucidated. Iron in oligodendrocytes is required for proper myelination of the neurons used in sensory systems (visual, auditory) and learning and interacting behaviors (38) . Dopaminergic neurotransmitter systems related to behavioral development (eg, inhibition, affect, attention processing, and extraneous motor movements) are sensitive to changes in iron status. Iron is also a cofactor for enzymes that synthesize neurotransmitters such as tryptophan hydroxylase (serotonin) and tyrosine hydroxylase (norepinephrine, dopamine) (39) . Iron deficiency has been linked to changes in neuronal metabolism in the hippocampus and prefrontal projections where memory processing occurs (40) . Lead and other neurotoxic metals that impair early childhood development have been shown to be absorbed during iron deficiency (41) . Iron is recognized as sharing the divalent metal transporter 1 (DMT1) with both lead and cadmium (42) . No studies investigating reduced lead absorption as an outcome of iron supplementation met the criteria for this review. One RCT in Mexican school-age children, 51% of whom had blood lead concentrations ͧ10 g/dL, found no effect of a 6-mo regimen of iron supplementation on cognitive performance (43) or parent or teacher ratings of behavior (44) .
A meta-analysis of RCTs examining iron in relation to development in children included trials of oral iron supplementation, fortified milks and cereals, and parenteral iron. Significant beneficial effects on mental development for children who were anemic or iron deficient at baseline and for all children 7 y old were reported (45) The standardized mean difference (SMD) for the mental development score, a composite of different tests assessing the same aspect of mental development, was 0.30 (95% CI: 0.15, 0.46; P 0.001). This is a modest effect, equivalent to 1.5 to 2 Intelligence Quotient points. In younger children (aged 27 mo), no effect of iron supplementation on mental development was detected. Motor development was not found to be improved through iron supplementation (SMD: 0.09; 95% CI: Ҁ0.08, 0.26, P ҃ 0.28) (35).
Of the 8 RCTs identified for this review that addressed developmental outcomes, 5 found some possible benefits of iron supplementation (11, 13, 16 -18) , but the importance of many of these effects on later academic performance is unknown (Table  2) . One study in Bangladesh found that a weekly dose of 20 mg ferrous sulfate over 6 mo significantly reduced developmental losses in orientation engagement (exploration), whereas placebo did not affect the losses with age (17) . A study in Indonesia found that iron supplementation for 4 mo resulted in higher motor and mental development scores on the Bayley Scales for Infant Development II (BSID) in children with iron deficiency anemia, but not in children who were iron deficient without anemia or who were iron replete (11) . In contrast, a trial in Guatemala that provided supplementation for only 1 wk found no benefit of iron supplements when testing with the BSID was used (12) . In Chile, another trial of short-term (10 d) iron supplementation also found no benefit when testing by BSID was used (14) . The third study that found no developmental effects of iron treatment was conducted in Costa Rica and was of longer duration but had a smaller sample than the other 2 studies had (15) . Two Indonesian studies with longer supplementation periods (6 and 2 mo, respectively) indicated positive development outcomes: one related to motor development as assessed by BSID in all children (18) , and the other related to visual attention and concept acquisition only in children with iron deficiency anemia (13) . A Zanzibar study found that iron supplementation given for 12 mo was associated with more rapid achievement of language milestones in all children and motor milestones in the more anemic children (16) .
The BSID is probably the most well standardized, widely used assessment of infant development in the world, and it has been sensitive to deviations in early development associated with iron status. However, the BSID is a global assessment that may obscure subtle differences in neurobehavioral development. Evidence for developmental continuity in cognitive functioning suggests the importance of variability in early processing skills, such as those associated with iron deficiency, and of the modifying effects of the home environment and the family's socioeconomic status (46) . Thus, estimates of the effects of iron status during infancy on school-age measures of academic performance may be enhanced by the combination of a well-standardized assessment of development such as the BSID, measures of specific neurobehavioral processes thought to be sensitive to iron deficiency, and consideration of the home and family environment.
RISKS OF IRON SUPPLEMENTATION IN EARLY CHILDHOOD
Because iron is not easily eliminated from the body, attention has been paid to circumstances in which excess iron may be absorbed or used inappropriately. An overabundance of iron may catalyze the generation of hydroxyl radicals through the Fenton reaction (47) . Chronic iron overload has been studied in the context of hemochromatosis (48), and these studies may provide insight into the mechanisms and clinical manifestations of excess iron. Tissue injury, in particular that to the liver, may result from the generation of free radicals, but evidence also exists of intracellular damage. Extensive studies and reviews have looked at oxidative damage to DNA, proteins, and lipids (49, 50) .
Excess iron may be detrimental to cognitive, motor, and behavioral development, although this detrimental effect is likely limited to cases of genetically susceptible children. Children with mutations in the gene encoding pantothenate kinase 2 (PANK2) have neuronal brain iron accumulation that is manifest in dystonia, dysarthria, rigidity, and early death (51) . Animal models have shown potential neurologic dysfunctions associated with dietary iron overload early in life (53) ; evidence for these effects in humans is less clear.
From the murine model, it is known that iron supplementation can result in the generation of free radicals (49) and will increase intestinal susceptibility to peroxidative damage in an irondeficient state (53) . Known defense systems in the body protect against free radical damage. In young children, lactoferrin from breast milk may be used for iron chelation, although this process is largely thought to produce mostly antiinfective properties. Antioxidants such as selenium or glutathione also are known to protect against free radical damage. Malnourished children with kwashiorkor or marasmus may be deficient in antioxidants, which leaves them susceptible to potential harm due to excess iron (54, 55) . Other mechanisms besides the generation of free radicals have been postulated for the observed negative effects of iron supplementation, including potential interference with absorption of other essential nutrients (5, 56) , the growth and proliferation of invading pathogens, and the suppression of enzyme activity in host defense (3).
Growth
In the early months and years of life, infants and young children pass through a crucial period of growth that may not be regained later in life. Results from trials of iron supplementation overall have not found significant growth effects, even in anemic children, though some studies have shown an adverse effect, especially in iron-replete children. Dietary iron may inhibit the absorption of other essential growth-promoting nutrients such as zinc, although a recent review of trials found no conclusive evidence of this association (56) . Iron supplementation may lead to increased morbidity and, consequently, to reduced dietary intakes, poor nutrient absorption, and negative energy balance (57) .
A meta-analysis of RCTs examining vitamin A, iron, and multimicronutrient interventions in children aged 18 y found that, in the 21 iron-supplementation RCTs identified, no significant effect on growth was reported (10) . The overall effect size was 0.09 (95% CI: Ҁ0.07, 0.24) for height and 0.13 (95% CI: Ҁ0.05, 0.30) for weight, and negligible differences in height gain (0.007 cm) and weight gain (0.012 kg) were found between treatment and controls. When the studies were stratified for baseline hemoglobin status, the lack of significant differences remained, although the effect size for height gain was greater in subjects who were anemic at baseline (0.21; 95% CI: Ҁ0.14, 0.56) than in those who were not anemic (0.02; 95% CI: Ҁ0.14, 0.18) (10).
The International Research on Infant Supplementation (IRIS) analysis is a recent pooled-data analysis that compared the findings from RCTs of supplementation in infants aged 6 -12 mo in Indonesia, Peru, South Africa, and Vietnam. The 4 supplementation groups were daily iron supplementation, daily multiple micronutrients, weekly multiple micronutrients, and placebo. As compared with placebo, iron treatment had no significantly different effect on weight or height gains over the course of the 6-mo trials. Changes in hemoglobin and plasma ferritin concentrations were significantly larger in the iron group than in the placebo group (58).
In the current review, the 10 identified studies had varied results (Table 3) . In 2 studies, iron supplementation had a significant positive effect on height or length gains and height-forage z score (19, 25) , and low baseline hemoglobin and iron deficiency appeared to be associated with this effect in both studies. The study in Indonesia adjusted for dietary intake in the assessment of the effect on growth and concluded that a decrease in morbidity in the supplementation group may have mediated the growth effect (19) . In India, iron supplements were randomized within iron-replete and iron-deficient strata of children. Monthly weight gain and linear growth increased significantly (both: P 0.001) in iron-deficient children but not in iron-replete children (25) . This study was the only 1 of the 10 to find improvements in weight gain associated with iron supplementation.
Three of the 10 studies, including one described above that found improvements in iron-deficient children (25) , reported significant reductions in weight gains in the iron treatment groups (25-27); 2 of these studies also found reductions in linear growth in those groups (25, 26) . The study in Honduras found that, in infants aged 4 -6 mo with baseline hemoglobin ͧ110 g/L, length gains were less than those in infants who received placebo (26) . This study also examined iron treatment effects in a population of breastfed infants in Sweden and found lower gains in length and head circumference in supplemented infants aged 4 -9 mo. Infection did not appear to influence growth outcomes. Similarly, the study in India found an adverse effect of iron supplementation on weight gain and linear growth in ironreplete children aged 6 -24 mo (25) . In Indonesia, the negative effect was seen only on weight, and no effect was found on length or arm circumference (27) . In the remaining 6 reviewed studies, no effect of iron supplementation was reported for either weight or height (18, 20 -22, 24, 28) .
From the available literature, it appears that iron supplementation may be of limited or no benefit for growth; the few studies that showed a benefit found it primarily in the children with iron deficiency at baseline. Evidence suggests that iron supplementation in young children without iron deficiency may jeopardize optimal height and weight gains.
Morbidity due to infectious disease
Growing concern about the effect of iron supplementation on increased susceptibility to infection has prompted several studies to examine this relation. The physiologic process most commonly implicated is that of the enhanced growth of pathogens from available iron in tissues. Iron is an important nutrient both for host requirements and for the metabolism of invading pathogens. Nutritional immunity involves iron-withholding defense systems that include hypoferremia, a condition in which the amount of iron available for parasites and other organisms is reduced by the activity of iron-binding proteins (59) . Another pathway proposed in defense against parasitic infection in particular is one in which iron inhibits the expression of inducible nitric oxide synthase (iNOS), which subsequently downregulates the formation of nitric oxide in macrophages. Nitric oxide appears to be critical to macrophage defense against Plasmodium falciparum (60) .
The influence of iron supplementation on infection may be differentiated by such variables as increased incidence, duration, or severity of infection. One meta-analysis of 28 RCTs examining iron (oral, parenteral, and fortified foods or beverages) found that the pooled estimate of the incidence rate ratio for all infectious illnesses, including respiratory tract infection, diarrhea, malaria, and other infections, was not elevated in ironsupplemented children (61) . A higher risk of diarrhea (incidence rate ratio: 1.11; 95% CI: 1.01, 1.23; P ҃ 0.04) was found, however, in those given iron than in those given placebo. A nonsignificant increase in malaria was also observed in the ironsupplemented group (incidence rate ratio: 1.06; 95% CI: 0.94, 1.24) . Interpretation of these findings should consider that several of the studies screened for and included only anemic children. Moreover, the trials used forms of iron administration other than supplements, including parenteral iron (3 studies) and fortified beverages or foods (5 studies). The age of the study participants also varied from 2 d to 14 y, and the inclusion and exclusion criteria were heterogeneous.
Our review identified 16 RCTs of oral iron supplementation for infants and young children in developing countries with infectious disease outcomes (Table 4) (16, 18, 19, 22, 24, 26, 27, 29 -37) . The methods applied to measure morbidity varied greatly across studies. Five studies used clinical measures, 4 studies used blood or stool samples for assessment, and the remaining 7 combined these approaches. Of the 4 studies finding an association between iron supplementation and infection, 3 used the combined approach, with both blood and clinical measures of morbidity.
Four studies in our review reported adverse outcomes related to iron supplementation. In Bangladesh, in children aged 12 mo, iron supplementation resulted in a 49% increase (P ҃ 0.03) in the number of episodes of dysentery (34) . An earlier study in the Gambia that included only children who were anemic at baseline (hemoglobin 3rd percentile of reference population) found that iron treatment was associated with an increase in fever-associated severe malaria (37) . Although 2 small studies in Tanzania found no infection-related adverse effects with iron supplements (29, 32) , a third study from Tanazania found, in children with severe anemia (hemoglobin ͨ 5.0 g/L), a significant increase in morbidity from infectious causes and a significantly higher incidence of pneumonia in the iron group (both: P ҃ 0.004) (35).
A large trial conducted in Zanzibar, Tanzania (n ҃ 24 076) found a 12% (95% CI: 2%, 23%) greater risk of severe illness leading to hospitalization or death and a 16% (95% CI: 2%, 32%) greater risk of adverse events due to malaria associated with iron and folic acid supplementation (36) . To further examine the effects of supplementation on hematologic and zinc status and morbidity, a substudy in Zanzibar (n ҃ 2413) was also carried out. In this analysis, supplement effect was assessed by iron and anemia status. Children with iron-deficiency anemia who were being treated for malaria and other infections had a significantly (P ҃ 0.006) lower risk of adverse events (eg, hospitalization or death) (RR: 0.51; 95% CI: 0.31, 0.83) associated with concomitant treatment with iron and folic acid than did those given placebo. Those who were iron replete (with or without anemia) showed a trend toward a greater risk of adverse events when they were iron supplemented, but the substudy sample size lacked sufficient power to detect statistically significant differences. In addition, any apparent adverse effects of iron supplementation in the iron-replete groups may have been mitigated by the more extensive diagnosis and treatment services provided by the substudy than by the routine government services in the larger study.
Only one study in Indonesia (n ҃ 76) found a positive effect for reduced frequency of fever, respiratory infection, and diarrhea associated with iron supplementation in children aged 2-5 y (19) . In infants with hemoglobin 110 g/L at baseline in Honduras, a trend toward a lower risk of diarrhea was seen in the iron-supplemented group (OR: 0.11; 95% CI: 0.01, 1.08; P ҃ 0.06), but no similar reverse trend was seen in infants with hemoglobin ͧ110 g/L (26). In the current study, however, the combined analysis, which included Swedish infants randomly assigned to iron supplementation and placebo, found a significant protective effect against diarrhea with iron supplementation in infants with hemoglobin 110 g/L (OR: 0.21; 95% CI: 0.04, 0.95; P ҃ 0.04) and an adverse effect among those with hemoglobin ͧ110 g/L (OR: 2.4; 95% CI: 1.0, 5.8; P ҃ 0.05). The remaining 10 studies of the review found no effect on morbidity associated with iron supplementation of young children.
Malaria
Malarial infection contributes to the development and severity of anemia through the destruction of parasitized red blood cells, through immune mechanisms including the destruction of unparasitized red cells, and through dyserthropoiesis (7) . Its relation to iron status is less well characterized. Other studies have found that additional risks may be associated with malarial infection and iron supplementation in children, which has increased the attention the public is directing toward this association. Of the 7 studies identified in our review, 5 (29, (31) (32) (33) 35) showed no significantly greater risk in the iron supplementation groups and 2 (36, 37) indicated a greater risk of adverse events due to malaria. Only 3 of these studies did not use anemia as an enrollment criteria (24, 30, 36) ; one of these studies, the trial in Zanzibar, was the only study of malarial outcomes with adequate power to detect serious adverse events or mortality (36) . That study found a 16% (95% CI: 2%, 32%; P ҃ 0.02) greater risk of serious adverse events due to clinical malaria in the treatment groups that received iron (iron ѿ folic acid and iron ѿ folic acid ѿ zinc groups) than in the placebo groups. More specifically, this group had an elevated risk of illnesses with clinical signs of cerebral malaria and a malaria-positive blood film (RR: 1.22; 95% CI: 1.02, 1.46; P ҃ 0.03). Cerebral malaria as a cause of death was increased by 70% (RR: 1.70; 95% CI: 1.08, 2.68; P ҃ 0.02) in the iron ѿ folic acid treatment group.
HIV
The risks and benefits of iron supplementation in HIV-positive children have not been extensively studied. No RCTs were identified in this age category. Globally, 2.2 million children aged 15 y are living with HIV/AIDS; most of them live in subSaharan Africa and South and Southeast Asia (36) . Numerous risk factors for compromised health, that may be either diminished or exacerbated by iron supplementation are present in children born to HIV-positive mothers. Evidence from a review of observational studies suggests that infants born to HIV-positive mothers are at greater risk of low birth weight (63); low-birthweight infants are currently recommended to receive iron supplementation from 2 to 23 mo of age. Moreover, infants born to HIV-positive mothers may have compromised iron nutriture (64) and, conversely, may be susceptible to iron overload through antioxidant deficiencies (65) .
Before highly active antiretroviral therapy (HAART), which remains largely unavailable in developing countries, iron loading was observed in various tissues of HIV-positive adults, including bone marrow, brain, muscle, liver, and spleen (66) . Evidence from a study of HIV-positive, iron-deficient pregnant women in Africa found no relation between the severity of HIV disease and iron status indicators (ie, hemoglobin, ferritin, transferrin receptor, HIV load, and CD4 ѿ lymphocyte count) (67) . One RCT in a small group of HIV-infected adults (n ҃ 45) in Kenya found no differences in viral load between the placebo and the ironsupplemented groups after 4 mo of follow-up (68) . Further research is needed in developing countries, especially in young children (infected or noninfected) and those born to HIV-positive mothers.
Tuberculosis
Approximately one-third of the world's population is infected with Mycobacterium tuberculosis, the pathogen that causes tuberculosis. The incidence of tuberculosis has increased dramatically with the HIV/AIDS epidemic (69). Whereas we found no RCTs examining the effect of iron supplementation on tuberculosis in young children, this research may be necessary. Iron has been shown to enhance the growth of M. tuberculosis growth in mice (70) . The loading of iron in macrophages where this bacterium grows may both facilitate its acquisition of iron and inhibit cellular defense systems (71) . However, in a study of anemia in adult males with pulmonary tuberculosis, no differences were found in the recovery rates between iron-supplemented and placebo groups (72) . Another study examined retrospective exposure to dietary iron and found a significant increase in the odds of tuberculosis with high iron, after adjustment for HIV status and liver function (71) . These studies highlight the need for more investigation, particularly in young children.
Overall mortality
Two additional RCTs that investigated infection outcomes examined the risk of mortality related to oral iron supplementation. As stated above, the study in Tanzania found a trend toward a greater risk of mortality in the iron ѿ folic acid treatment groups, which is consistent with the increase in hospitalization for severe infectious diseases (36) . Serious adverse events were mainly attributed to malaria. In Nepal, no effect was found for total mortality (30) . In "other infections" (including sepsis, hepatitis, meningitis, and gastrointestinal infections) category of cause-specific mortality, a significant increase was seen in the relative risk in the iron ѿ folic acid treatment group compared with placebo group. Cautious interpretation of these findings is warranted given the limited reliability of cause of death data. A 70% reduction in severe anemia was seen with iron supplementation, but it did not lead to a reduction in mortality.
CONCLUSIONS: BALANCE OF BENEFITS AND RISKS
Twenty-six studies were assessed in this review; they reported various effects associated with preventive iron supplementation in children aged 0 -4 y. The outcomes of anemia, development, growth, infectious disease morbidity, and mortality were considered, and the following conclusions were drawn.
For anemia, hemoglobin concentrations were consistently increased in iron-supplemented children who were anemic or had iron-deficient anemia at baseline. Improvements or increases in iron status indicators were also associated with iron supplementation in both iron-deficient and iron-replete children at baseline, although the response was less in the latter group. Iron supplementation may have had some positive effects on a number of developmental outcomes, primarily through reducing preexisting deficits or preventing losses over time in cognitive and motor skill development among preschool-aged children who were iron deficient or anemic before supplementation. Treatment at lower doses for 2-12 mo appeared to be more beneficial than very short courses of supplementation. The variations in developmental responses to iron supplementation, combined with the poor or unknown correlations of the measured outcomes with longerterm cognition, make interpretation or quantification of the possible benefits difficult.
In terms of growth, we found evidence from trials of various sizes for significant adverse effects on weight gains in ironreplete subgroups of young children. For height or linear growth, results varied. Two studies found a positive effect of iron supplementation on height increases in iron-deficient children, but 2 found a negative effect and 2 found no effect on height or length in iron-replete children.
With respect to infectious disease morbidity and mortality outcomes, our review found mixed evidence for increased incidence, duration, or severity of all infections in association with iron supplementation. Nearly all of the studies to date have been too small to enable examination of severe disease events or deaths. The only trials of sufficient size for these outcomes are those in Nepal and Zanzibar. In Nepal, no benefit or adverse effect of iron ѿ folic acid supplements on mortality was found in young children. In Zanzibar, clear evidence shows that iron ѿ folic acid supplementation, in a population of children with high rates of malaria and other infectious diseases and with limited access to disease-control programs, results in a significant increase in serious adverse events, including deaths. Additional evidence from this setting suggests that the degree of infectiousdisease treatment and the child's baseline iron status are critical determinants of who benefits and who is harmed in terms of serious infectious-disease outcomes when the population is provided low-dose oral iron supplements. Insufficient data are available on iron supplementation in relation to HIV or tuberculosis outcomes for conclusions to be drawn about possible benefits or risks.
One general conclusion that may be drawn from this analysis is that baseline hemoglobin and iron status indicators appear to be important determinants of these outcomes ( Table 5 ). Our review found this through results from 12 trials screening for and including children according to hemoglobin or iron status at baseline (11-15, 19, 25, 29, 32, 33, 35, 37 ) and 8 trials that later stratified or adjusted for hemoglobin and iron status parameters in analyses associating supplementation with various outcomes (16 -18, 21, 22, 26, 28, 36) . In the first case of screening or restriction design, the ability to generalize to the larger population may be absent, although several studies showed effects with screening in all outcome categories. Larger, well-designed RCTs were among those finding differential effects of baseline hemoglobin and iron status markers on development, growth, and morbidity outcomes that support this conclusion. Only 2 studies reported an interaction between iron supplementation and initial
TABLE 5
Effects determined by baseline hemoglobin, iron status, or both hemoglobin concentration: significant findings for development outcomes were reported from Zanzibar (16) , and marginal significance for morbidity outcomes was found in Honduras (26) . Studies from industrialized countries may also suggest the potential for interaction. A trial in Greek preschoolers aged 3-4 y (n ҃ 49) found a significant interaction with cognitive performance (choice reaction time) for baseline iron status and treatment group (73) . Additional analyses of the interaction of anemia and iron status at baseline for iron supplementation are needed.
In the substudy of the Zanzibar trial in which substantial malaria treatment was provided, in contrast with the larger trial, children with iron deficiency anemia had a reduction in adverse events. However, an elevated rate of adverse events was observed in those without iron deficiency. Detection and treatment of iron deficiency anemia at an individual level may be required to provide the best overall balance of health benefits and risks. Particular caution is advised in areas with high rates of malaria and other serious infections. Futhermore, there may be irregularities in both iron absorption and metabolism when particular genetic polymorphisms-ie, those that may also be associated with infection variables-are present. A study in Zimbabwe found a significant interaction effect with ferroportin Q248H mutation and elevated C-reactive protein (CRP) for higher ferritin concentrations (74) . More research is needed in this area. Ultimately, in the consideration of supplementation of young children with low doses of oral iron, an assessment of the balance of risks and benefits should be integral to the decision-making process.
We recognize that the realities of nutrition and disease-control programs may be vastly different from those of the controlled environment of these trials. The availability of resources, both financial and staffing, may be a problem if screening for iron deficiency and targeting treatment regimens are necessary to avoid causing harm to some children in the population. At the individual level, problems of compliance have often been cited with respect to implementing effective iron-supplementation programs. Alternative prevention and control strategies such as diet-based approaches may be preferred, if vulnerable population groups have access to foods, because those groups may be able to avoid the adverse effects associated with supplementation.
The need to address the problem of iron deficiency and the related consequences affecting millions worldwide is undisputed. Finding the appropriate response, however, particularly for young children living in developing countries, is a more difficult endeavor. This review presents the available evidence from carefully designed trials and offers context and individualspecific results with respect to a variety of outcomes. Further research is warranted, especially with respect to populations affected by malaria, HIV, and tuberculosis. In the short term, these findings suggest that the current recommendations regarding preventive iron supplementation should be reexamined.
